. NHE3: a Na+/H+ exchanger isoform of renal brush border. Am. J. Physiol. 265 (Renal Fluid Electrolyte Physiol. 34): F736-F742, 1993.-Na+/H+ exchangers in the brush-border (luminal, apical) membrane of renal proximal tubules are responsible for active, transcellular reabsorption of NaHC03 and NaCl. Although well characterized kinetically, the protein that mediates Na+/H+ exchange in the renal brush border has not been identified. Several Na+/H+ exchanger genes, including NHEl, NHE2, NHE3, and NHE4, are expressed in the kidney. To identify the NHE3 gene product and to determine its cellular and subcellular localization in the rabbit kidney, an NHE3-isoform-specific antibody was prepared. Guinea pigs were immunized with purified fusion protein containing the carboxy-terminal 40 amino acids of NHE3 (fpNHE3-C40). After affinity purification, immune sera demonstrated specific reactivity to the NHE3 sequence within the fusion protein as well as to an 80-kDa polypeptide expressed in NHE3-transfected LAP1 cells. Western blot analysis showed that anti-fpNHE3-C40 specifically reacted with an 80-kDa protein that is relatively enriched in renal brush-border membrane compared with basolateral membrane. Immunocytochemical studies confirmed that the Na+/H+ exchanger isoform NHE3 is expressed along the microvillar membrane of the brush border of proximal tubule cells in the rabbit kidney. acidification; intracellular pH; membrane protein SODIUM/PROTON EXCHANGERS mediate the electroneutral exchange of Na+ and H+ across plasma membranes. Inhibited by amiloride and its analogues, Na+/H+ exchangers participate in diverse cellular functions including intracellular pH regulation, transepithelial ion transport, cell volume regulation, and cellular responses to mitogens and growth factors (15, 16, 21). In the kidney, Na+/H+ exchange activity has been localized to the apical and/or basolateral plasma membrane of most seg-
mediate the electroneutral exchange of Na+ and H+ across plasma membranes. Inhibited by amiloride and its analogues, Na+/H+ exchangers participate in diverse cellular functions including intracellular pH regulation, transepithelial ion transport, cell volume regulation, and cellular responses to mitogens and growth factors (15, 16, 21) . In the kidney, Na+/H+ exchange activity has been localized to the apical and/or basolateral plasma membrane of most segments of the nephron (1,3,6-g, 11,12,17-19,23-28,31, 34, 37, 39, 40, 48, 49) .
Recent molecular cloning studies have demonstrated the existence of at least four unique isoforms of the Na+/H+ exchanger, referred to as NHEl, NHE2, NHE3, and NHE4 (20, 35, 36, 38, [44] [45] [46] [47] . In the first of these studies Sardet and co-workers (38) used genetic complementation to isolate human genomic DNA encoding a growth factor-activated, amiloride-sensitive Na+/H+ exchanger subsequently referred to as NHEl. This cDNA encodes a protein of 815 amino acids with a predicted molecular mass of 90 kDa. By Northern analysis, NHEl mRNA is ubiquitously expressed in many types of both epithelial and nonepithelial cells (20, 35, 36, 38, 46) . By immunocytochemical analysis, NHEl is expressed along the basolateral plasma membrane of renal (5, 36) and ileal (46) epithelial cells.
To date, the sites of expression of other Na+/H+ exchanger isoforms have been examined by Northern analysis but not by immunocytochemical methods. NHE2 mRNA is expressed in many tissues including intestine, kidney, and adrenal gland (47). Expression of NHE3 mRNA is most prominent in the kidney and gastrointestinal tract (35, 44) , whereas NHE4 mRNA has a wider tissue distribution with highest levels in the stomach (35) .
Further understanding of this important gene family requires description of the cellular and subcellular sites of expression of each Na+/H+ exchanger isoform by immunocytochemical analysis. Toward this end, we describe the development of an NHE3 isoform-specific antibody and demonstrate that NHE3 is expressed on the brush border of the proximal tubule of the rabbit kidney.
METHODS

Preparation
of fusion protein NHE3-C40.
To generate polyclonal antisera specific for the Na+/H+ exchanger isoform NHE3, a fusion protein (fpNHE3-C40) was prepared from the carboxy-terminal 40 amino acids (amino acids 793-832) of rabbit NHE3 (44) by use of the methods previously described for preparation of a corresponding fusion protein from NHEI (5, 36) . This region was selected following comparison of all published NHE isoform sequences (35, 36, 38, 44, 46) and lacked significant homology (~25%) among the isoforms. The clone encoding the last 40 amino acids of NHE3 was generated by polymerase chain reaction (PCR) from a cDNA template using synthetic oligonucleotides (sense 5'-CAGATCCCCTACTC-CCCGGG-3') and (antisense 5'-CATGTGTGTGGACTC-GGGG-3'). The resulting cDNA clone extended from nucleotide 2377 to nucleotide 2496. The PCR product was subcloned into the EcoR V site of pBluescript, and sequence was confirmed using standard techniques. To make fpNHE3-40, the cDNA insert was excised using an in-frame EcoR I site at the 5' end of the insert and subcloned into pMAL-c (New England Biolabs, Beverly, MA).
After induction with 0.3 mM isopropyl ,&D-thiogalactopyranoside, transformed bacteria were lysed in 10 mM Na2HP0, (pH 7.0), 30 mM NaCl, 0.25% Tween 20,lO mM EDTA, and 10 mM ethylene glycol-bis(P-aminoethyl ether)-N,N,N',N'-tetraacetic acid by freeze-thawing followed by sonication. After centrifugation at 4,000 g for 30 min, the supernatant was passed over an amylose affinity resin according to the manufacturer's protocol, and bound fusion protein was eluted with 20 mM maltose. Eluted fusion protein was dialyzed in 6 liters of phos-IMMUNOLOCALIZATION OF NHE3 F737 phate-buffered saline (PBS), concentrated using Centricon 30 microconcentrators and stored at -70°C.
Electroelution
of protein from sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. Unlike other fusion proteins prepared using the maltose-binding protein (MBP) vector (5), fpNHE3-C40 had poor affinity for the amylose affinity resin, and protein yields were suboptimal. To prepare additional antigen, the fusion protein was electroeluted from polyacrylamide gels as described below. Lysate from bacterial suspensions (see above) was diluted 1:l with 2~ Laemmli sample buffer, and the proteins were separated by SDS-PAGE. After brief staining with Coomassie blue, the band corresponding to fpNHE3-C40 was excised from the gel and eluted (22) using an electroelution device (CBS Scientific, Del Mar, CA). To remove excess SDS, eluted protein was washed five times in 10 mM tris(hydroxymethyl)aminomethane (Tris) (pH 7.2) using Centricon 30 microconcentrators and then concentrated to -1 mg/ml and stored at -70°C.
Polyclonal
anti-fpNHE3-C40.
Polyclonal antisera to fp-NHE3C40 were raised in guinea pigs. Each animal was immunized with -50-100 pg of fusion protein (Fig. 1, lane C) , diluted in PBS to a final volume of 1 ml and emulsified in complete Freund's adjuvant. Initial immunization was carried out by subcutaneous injections of the emulsion at six sites along the back. Animals were boosted in a similar manner at monthly intervals using incomplete Freund's adjuvant. Each animal was bled 7-10 days after each boost. Serum was used for immunocytochemical studies. For Western blotting, antiserum that was depleted of reactivity to contaminating bacterial proteins was used (see below).
Affinity depletion of MBP reactivity. An affinity column was prepared with MBP/bacterial lysate. To make the column, a plasmid containing only the MBP cDNA was induced in Escherichia coli, grown to 1 liter, and the cells were lysed as described above. Fifty milliliters of the lysate (-10 mg/ml) were coupled to 5 g of swollen cyanogen bromide (CNBr)-activated Sepharose Cl-4B (Pharmacia Fine Chemicals, Piscataway, NJ) according to the manufacturer's protocol. After washing the column in PBS, 1 ml of serum diluted 1:lO in PBS was incubated with the column for 1 h. The flow-through was collected and concentrated to 1 ml in a Centricon 30. This MBP-depleted antiserum was stored at -20°C and subsequently used for Western blotting studies. Between experiments the column was washed in PBS until protein elution (absorbance at 280 nm) was undetectable. This was followed by washing in 1 M acetic acid in 150 mM NaCl to remove bound antibody.
Polyclonal anti-347A (NHEl).
A polyclonal antibody (anti-347A) raised to the COOH-terminal 41 amino acids of the basolateral Na+/H+ exchanger isoform NHEl has been described previously (5) . Anti-347A reacts with a 95-to llO-kDa polypeptide that is expressed in the basolateral membrane of cells along both proximal and distal segments of the rabbit nephron (5). Anti-347A was used either as serum for immunocytochemistry or following affinity purification (5) for Western blotting.
Cloning of rabbit NHEl and NHE3. Rabbit NHEl was cloned into pBluescript as described previously (20). For NHE3, kidney cortex mRNA was prepared from male New Zealand White rabbits weighing -5 lbs. First strand cDNA was synthesized from 5 pg poly(A)+ RNA using avian myeloblastosis virus reverse-transcriptase primed by adapter (dT)i7 (10). One-hundredth of the cDNA was amplified by means of PCR using 50 pmol each of 5' and 3' primer. Reaction products were resolved on agarose gels, and appropriately sized bands were subcloned into EcoR V-digested, dephosphorylated pBluescript. The entire coding region was obtained in two overlapping clones representing nucleotides +l to -1206 (membrane) and +1120 to -2499 (cytoplasmic) of the rabbit NHE3 cDNA sequence (44). A single cDNA encompassing the coding region was then generated by digesting both clones at the unique Kpn I site at +1185 and religating. The predicted amino acid sequence of the protein encoded by the rabbit NHE3 cDNA was identical to that reported (44).
Expression of NHEl and NHE3 in LAP1 cells. LAP1 cells, a mouse L-cell line deficient in Na+/H+ exchange activity (38) and provided by Dr. Jacques Pouyssegur (Centre de Biochimie, Nice, France), were transfected with either NHEl or NHE3 cDNA using the bacteriophage T7/vaccinia virus hybrid system. LAP1 cells were grown in a-minimal essential medium supplemented with 10% fetal calf serum, 50 U/ml penicillin, and 50 mg/ml streptomycin at 37°C in 5% COa-95% air. cDNAs encoding either the rabbit renal Na+/H+ exchanger isoform NHEl or NHE3 were cloned into pBluescript II downstream from the T7 promoter. Supercoiled, RNA-free plasmid DNA was prepared using Qiagen columns. Before transfection, cells were plated on 35-mm tissue culture dishes for 36-48 h and used at 80-90% confluence. LAP1 cells were infected with vaccinia VTF7-3 (33) (40 plaque-forming units/cell) and then transfected with cDNA encoding NHEl or NHE3 by use of cationic liposomes (Lipofectin). The optimal ratio of plasmid DNA to Lipofectin was determined to be 2.5-3.5 for LAP1 cells. After transfection, cells were incubated for 16-20 h and solubilized as described below.
Membrane preparation.
Membranes were prepared from male New Zealand White rabbits (2-3 kg) killed by intravenous injection of pentobarbital sodium. Crude microsomes were prepared according to Grass1 and Aronson (13). Microvillus membrane vesicles (BBMV) were prepared from renal cortex using the Mg2+ precipitation method described previously (2) . Basolateral membrane vesicles (BLM) were prepared from renal cortex by differential and Percoll gradient centrifugation as described previously (13). Protease inhibitors pepstatin A (1 PM), leupeptin (1 KM), phenylmethylsulfonyl fluoride (230 PM), and EDTA (1 mM) each were included in the preparation of all membrane fractions. Protein concentration was determined by the method of Lowry et al. (30) . BLM was assayed for specific activity of Na+-K+-adenosinetriphosphatase and BBM were assayed for that of y-glutamyl transpeptidase, which were compared with the corresponding specific activities of the homogenate to determine the degree of enrichment. Enrichment for BBMV was 12-to 15-fold, whereas that for the cortical BLM was 5-to 7-fold. SDS-PAGE and immunoblotting. Membrane fractions were solubilized in sample buffer and separated by SDS-PAGE using 7.5% polyacrylamide gels according to Laemmli (29). Alternatively, LAP1 cells, grown as described above, were solubilized in 400 ~1 SDS-PAGE sample buffer. In some instances gels were stained with Coomassie brilliant blue. For immunoblotting, proteins were transferred to polyvinylidiene difluoride (PVDF, Millipore Immobilon-P) at 300 mA for 6-10 h at 4°C with a Transphor transfer electrophoresis unit (Hoefer Scientific Instruments, San Francisco, CA) and stained with Ponceau S in 0.5% trichloroacetic acid. Immunoblotting was performed as follows. Strips of PVDF were incubated first in Blotto (5% nonfat dry milk in PBS, pH 7.4) for 1-3 h, to block nonspecific binding of antibody, followed by overnight incubation in primary antibody diluted 1:2,000. The strips were then washed in Blotto and incubated with horseradish peroxidase (HRP)-conjugated rabbit anti-guinea pig immunoglobulin G (IgG). Bound guinea pig IgG was detected with the ECL chemiluminescence system (Amersham, Arlington Heights, IL) according to manufacturer's protocols. In some experiments (Figs. 2 and 3 ) PVDF blots were reprobed with a second primary antibody after stripping away the first antibody by incubation in 2% SDS, 100 mM fi-mercaptoethanol, and 50 mM Tris (pH 6.9) for 60 min at 70°C.
Tissue preparation and indirect immunofluorescence. Rabbits were anesthetized with pentobarbital sodium injected intravenously, and the kidneys were perfusion-fixed as described previously (4). Briefly, a cannula was inserted into the descending aorta distal to the renal arteries, and the kidneys were perfused retrograde first with PBS, pH 7.4, at 37°C to remove blood, followed by fixative containing 2% paraformaldehyde, 750 mM lysine, and 10 mM sodium periodate in phosphate buffer, pH 7.4 (32) . Blocks of tissue (2-to 4-mm cubes) from fixed kidneys were cut sequentially from the cortex, medulla, and the papilla so that representative tissues from all zones of the kidney were selected and that the orientation of each block was maintained. Blocks of tissue were postfixed in the same fixative for an additional 6 h at room temperature, cryoprotected by incubation for 1 h in 2.3 M sucrose in phosphate buffer (pH 7.2) with 50% polyvinylpyrrolidone (43), mounted on aluminum nails, frozen, and stored in liquid N,.
Semithin cryosections (0.5 Km) were cut (42) using a Reichert Ultracut E ultramicrotome fitted with an FC-4E cryoattachment and mounted on gelatin-coated slides. The sections were washed sequentially for 10 min each in PBS, 50 mM NH&l in 200 116 PBS, and blocking buffer [l% bovine serum albumin (BSA) in PBS] to reduce background followed by incubation for 1 h in the primary antibody diluted 1:lOO in 50% goat serum in PBS. After washing in PBS, sections were incubated for 1 h with tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat anti-guinea pig IgG or with fluorescein isothiocyanate (FITC)-conjugated goat anti-guinea pig IgG diluted in 50% goat serum in PBS, washed, and mounted in 75% glycerol in PBS containing 0.1% p-phenylenediamine to inhibit fading. Micrographs were taken with a Zeiss Axiophot microscope using Tri-X film (ASA 400).
Antibody conjugates. FITC-conjugated rabbit anti-guinea pig IgG was purchased from Zymed Laboratories (San Francisco, CA), and TRITC-conjugated goat anti-guinea pig IgG was from Organon Teknika (Durham, NC). Both conjugates were at 10 pg/ml. HRP-conjugated rabbit anti-guinea pig IgG (heavy and light chain specific) was purchased from Zymed Laboratories and used at 0.5 pg/ml.
Reagents. BSA (type V) and paraformaldehyde were purchased from Sigma Chemical (St. Louis, MO). Sodium pentobarbital was purchased from Butler (Columbus, OH). Amylose affinity resin was purchased from New England Biolabs, and CNBr-activated Sepharose Cl-4B was from Pharmacia. ECL Western blotting detection reagents were purchased from Amersham, and Centricon 30 microconcentrators were from Amicon (Beverly, MA). Qiagen columns were purchased from Qiagen (Chatsworth, CA), and Lipofectin was from GIBCO BRL (Grand Island, NY).
Animals. Male New Zealand White rabbits were purchased from Gabrielle Farms (Woodstock, CT), and female Hartly guinea pigs were purchased from Charles River Laboratories (Wilmington, MA).
RESULTS
AND DISCUSSION
Specificity of antiserum to fpNHE3-C40.
Initial studies were carried out to confirm that the immune serum generated by immunizing guinea pigs with fpNHE3-C40 contained reactivity to the NHE3 insert (carboxy-terminal 40 amino acids). The most likely source of non-NHE3 immunoreactivity is from MBP and residual bacterial proteins. To remove contaminating antibodies, immune sera were depleted of reactivity to MBP and other contaminants by incubation with a MBP/bacterial lysate affinity column. Figure 1 demonstrates the efficiency of D) , a brushborder-enriched membrane fraction (lanes B, E, and G-Z), or from a basolateral membraneenriched fraction ( lanes C and F) were separated on a 7.5% gel and transferred to PVDF. Lanes A-C were immunoblotted with antifpNHE3-C40. Primary antibody was removed as described in METHODS, and the same lanes (now referred to as lanes D-F) were immunoblotted with anti-NHEl.
Anti-NHE3 reacts only with an 80-kDa protein (lanes A, B, These data confirm that a significant component of antifpNHE3-C40 antiserum was reactive with the epitope(s) contained within the carboxy-terminal 40 amino acids of rabbit NHE3.
Identification of rabbit renal NHE3polypeptide. Having shown that anti-fpNHE3-C40 reacts with an epitope of a bacterial fusion protein prepared from NHE3 cDNA, we next sought to demonstrate the antibody's reactivity to the NHE3 polypeptide in NHE3-transfected LAP1 cells as well as in rabbit renal microsomes. Figure 2 shows that, in immunoblots of proteins solubilized from NHE3-transfected LAP1 cells, anti-fpNHE3-C40 specifically labels a protein with apparent molecular mass of 80 kDa (he G) that was not detected in either the Na+/H+ exchanger-deficient cells (lane E) or in LAP1 cells transfected with NHEl cDNA (lane F). In addition, antifpNHE3-C40 stained an 80-kDa protein in rabbit renal microsomes (lane H). When the same Western blots were probed with anti-347A (anti-NHEl), the antibody stained a 95-to llO-kDa protein in both the NHEltransfected LAP1 cells and in rabbit renal microsomes (lanes B and D) . Anti-347A also stained an 85kDa protein that was present only in NHEl-transfected LAP1 cells (lane B). These data demonstrate that rabbit renal NHE3 is an 80-kDa polypeptide and confirm the specificity of both anti-347A and anti-fpNHE3-C40
for NHEl and NHE3, respectively.
The multiple forms of NHEl that are observed in transfected LAP1 cells may reflect incomplete posttranslational processing of newly synthesized Na+/H+ exchangers, an interpretation supported by the immunocytochemical observation that a significant component of both NHEl and NHE3 is seen in intracellular compartments in these cells (data not shown).
The resistance of NHE3 to inhibition by amiloride (Ki = 39 PM) (44) and its stimulation by glucocorticoids (51) have suggested that NHE3 may be an apical Na+/H+ exchanger. To compare its expression with that of the basolateral Na+/H+ exchanger, NHEl, anti-fpNHE3-C40, and an anti-NHEl antiserum (anti-347A) were used in Western blotting experiments against membrane fractions prepared from rabbit renal cortex. As shown in Fig.  3 , anti-NHE3-C40 reacted with the 80-kDa polypeptide that was enriched in renal brush-border membranes (lane B) compared with crude renal membranes (lane A) and that was poorly detectable in basolateral membranes (lane C). Conversely, as previously shown (5), anti-347A (NHEl) reacted with a 95-to llO-kDa polypeptide that was enriched in renal basolateral membranes (lanes D-F). To confirm the specificity of labeling of the 80-kDa protein, the reactivity of the anti-NHE3 immune serum was blocked by preincubation with either the MBP or the fusion protein fpNHE3-C40.
As indicated in Fig. 3 , reactivity of anti-NHE3-C40
for the 80-kDa polypeptide in brush-border membranes was blocked by the fusion protein fpNHE3-C40
(lane H), but not by the MBP alone (lane G). In addition, no reactivity to any brush-border protein was detected when preimmune serum was used (lane I). Together, these data demonstrate that NHE3 is a protein expressed in the renal brush border or in a membrane domain that co-enriches with the brush border. The observed molecular weight (80 kDa) of rabbit renal NHE3 as determined by SDS-PAGE is smaller than predicted (92,747 Da) from the deduced amino acid sequence (44). This discrepancy may result from any one of several factors. First, anomalous movement during SDS-PAGE has been observed for proteins that bind abnormally greater or lesser amounts of SDS than standard proteins (14). For example, the electroplax sodium channel, which binds unusually high amounts of SDS due to posttranslational acquisition of hydrophobic residues (i.e., covalently bound fatty acids or phospholipids), has a high electrophoretic mobility and thus smaller apparent size compared with standard proteins in SDS-PAGE (41) . Therefore, similar posttranslational modifications of NHE3 may be responsible for its apparently small size. Second, NHE3 may undergo posttranslational modifications such as proteolytic cleavage that would result in a smaller observed size. If this is the case, then the cleavage must occur at the amino terminus since the antibody is reactive with the carboxy terminus. Finally, the size of NHE3 may be artifactually altered during preparation through proteolysis, although this possibility is unlikely because higher molecular weight forms were never detected even in the presence of protease inhibitors.
Immunolocalization of NHE3 in rabbit kidney. To determine the cellular and subcellular localization of NHE3, indirect immunofluorescence microscopy was carried out on semithin (0.5 pm) cryosections of paraformaldehydelysine-periodate-fixed rabbit kidney, as illustrated in Fig.  4 . Unlike preimmune serum, which was not reactive (Fig.  4A) , anti-fpNHE3-C40 stained the brush-border surface of proximal tubules (Fig. 4B) . No reactivity of antifpNHE3-C40 was observed along the basolateral membrane of epithelial cells of any nephron segment, confirming the absence of cross-reactivity of this antibody with NHEl, which is present along the basolateral membrane of proximal tubule cells (Fig. 4C) . Although Na+/H+ exchange activity has been described in the apical membrane in cells from other segments of the nephron such as in the thin (27) and thick limbs (9,12,40) of Henle's loop, we failed to detect NHE3 in these cells. The lack of immunoreactivity in these areas may result from levels of expression of NHE3 that are below the limits of detection with anti-fpNHE3-C40
or may reflect that apical activity in these nephron segments is mediated by another isoform(s) of the Na+/H+ exchanger.
Recently, Weinman and co-workers (50) reported the identification of NHEl in rabbit renal brush-border membranes. Antibodies were prepared against two oligopeptides derived from the inferred amino acid sequence of was detected with tetramethylrhodamine isothiocyanate-conjugated goat anti-guinea pig IgG, whereas anti-347A was detected with fluorescein isothiocyanate-conjugated rabbit antiguinea pig IgG. Magnification, x550. human NHEl (amino acids 249-256 and 787-797). In Western blot experiments, the antibodies labeled a 97-kDa protein that was present in brush border enriched membranes and absent from basolateral enriched membranes. Labeling was blocked by preincubation with specific oligopeptides. These results are in apparent disagreement with the present study, as well as our previous indirect immunofluorescence studies (5) , which demonstrated that NHEl is localized to the basolateral membrane of proximal tubule and other nephron segments. The reason for this discrepancy is not clear, particularly since the sequence of one oligopeptide (amino acids 787-797) is identical in human and pig (36) and is contained within the sequence of the porcine NHEl fusion protein 347A (amino acids 777-818) that was used in our studies. However, Weinman et al. (50) did not prove that the anti-peptide antibodies actually recognized the NHEl polypeptide (as expressed in transfected cells, for example). Moreover, subcellular immunocytochemical localization of NHEl in the proximal tubule was not reported.
In summary, we have demonstrated that NHE3 is an 80-kDa polypeptide expressed along the apical (brush border) membrane of cells of the prox imal tubule. In the same nephron segment, NHEl is expressed along the basolateral membrane. Thus proximal tubule cells may serve as a useful model system to characterize the differential sorting and regulation of Na+/H+ exchanger isoforms.
